Disruption of cellular processes affected by multiple genes and accumulation of numerous insults throughout life dictate the progression of age-related disorders, but their complex etiology is poorly understood. Postmitotic neurons, such as photoreceptor cells in the retina and epithelial cells in the adjacent retinal pigmented epithelium, are especially susceptible to cellular senescence, which contributes to age-related retinal degeneration (ARD). The multigenic and complex etiology of ARD in humans is reflected by the relative paucity of effective compounds for its early prevention and treatment. To understand the genetic differences that drive ARD pathogenesis, we studied A/J mice, which develop ARD more pronounced than that in other inbred mouse models. Although our investigation of consomic strains failed to identify a chromosome associated with the observed retinal deterioration, pathway analysis of RNA-Seq data from young mice prior to retinal pathological changes revealed that increased vulnerability to ARD in A/J mice was due to initially high levels of inflammatory factors and low levels of homeostatic neuroprotective factors. The genetic signatures of an uncompensated preinflammatory state and ARD progression identified here aid in understanding the susceptible genetic loci that underlie pathogenic mechanisms of age-associated disorders, including several human blinding diseases.
counterparts, presenting a natural model with which to study age-related pathological changes in the retina. Although different factors, such as those involved in inflammation and homeostatic processing originating from the photoreceptor and RPE layers, have been identified as possible markers of disease (8) , the sets of genes that trigger progression to the chronic disease state are still poorly understood. A lack of methodology sufficiently powerful to reveal the complex interplay of genes that trigger and promote ARD progression has limited our understanding of disease pathogenesis. Studies to date have mostly relied on quantitative trait loci (QTL) (6) or chromosome-substituted strain (CSS) panels (9) , but these methods cannot detect gene expression changes and SNPs on the global scale needed to identify distant interacting genetic factors.
To understand the molecular components that precipitate and perpetuate neurodegeneration associated with age-related pathology in the retina, we used A/J, BALB/c, and B6 inbred mouse models to focus on genetic factors contributing to ARD in a controlled environmental setting. With high-resolution imaging studies, we identified subtle pathological changes in the RPE in A/J mice, but not BALB/c or B6 mice, before phenotypic features of disease become apparent. We hypothesized that RNA-sequencing (RNA-Seq) (10) of young eye tissue from these 3 different genetic mouse backgrounds would allow us to detect global changes that trigger and drive this multigenic condition. RNA-Seq elucidated aberrant genetic pathways evident in A/J mice, which led us to propose that mice destined to develop ARD possess a retinal environment primed for inflammation. This condition is exacerbated with age as homeostatic proteins that already exhibit decreased expression, most notably those involved in the oxidative stress response, functionally decline. Moreover, identification of these targets revealed potentially susceptible genetic loci that may participate in pathogenic mechanisms responsible for age-associated retinal disorders, which holds particular relevance for human blinding diseases.
Results

Mice on the A/J genetic background undergo pronounced ARD.
Retinal cross-section images revealed a prominent decrease in outer nuclear layer (ONL) thickness attributable to photoreceptor loss as well as pathological changes in the RPE layer of 8-versus 1-month-old A/J mice ( Figure 1A ). Conversely, B6 mice displayed a negligible agerelated decrease in ONL thickness and no other pathological changes ( Figure 1A ). Age-dependent ONL loss was observed globally in A/J mouse eyes ( Figure 1B ). Cone photoreceptor numbers also indicated a marked age-related decrease in A/J mice, whereas B6 mice exhibited only a slight decrease ( Figure 1C ). The decline in photoreceptor number in A/J mice at 8 months of age compromised visual function, as evidenced by attenuation of electroretinographic (ERG) responses ( Figure 1D ) and decreased levels of total retinoid content, especially the visual chromophore, 11-cis-retinal (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI64427DS1). More importantly, the pronounced aged retinal phenotype was independent of light-induced or pigmentary contributions (6) . Similar to the above results obtained under normal lighting conditions, A/J mice reared in the dark also displayed a significant decline in ONL thickness at 8 months of age compared with 8-month-old B6 mice (Supplemental Figure 2) . However, 8-monthold albino BALB/c mice exhibited only a 20% decline in ONL thickness and had a cone population similar to that of 8-month-old B6 mice (Supplemental Figure 3) . To better elucidate factors that underlie the accelerated progression of this degenerative phenotype in A/J mice, but not BALB/c or B6 mice, we undertook a more in-depth retinal examination of mice with different genetic backgrounds.
Figure 1
A/J mice display a pronounced agedependent decline in vision. (A) Light microscopy of A/J mouse retinas revealed a marked decrease in ONL and inner nuclear layer (INL) thickness in 8-versus 1-month-old animals, as well as pathological changes in the RPE layer at 8 months of age, as shown by the higher-magnification view of the boxed region (arrow, pyknotic cell). These changes were minimal in B6 mice. (B) ONL thickness, plotted as a function of distance from the optic nerve head (ONH), showed the most pronounced decline occurred between 3 and 8 months of age, a finding that was absent in B6 mice. (C) Cone cell sheaths were imaged by PNA staining at 1, 3, and 8 months of age. Average numbers of cone cells in both the superior and inferior retina in a 100-μm range located 500 μm from the optic nerve head were plotted (red, A/J; black, B6). A/J mice showed a marked decline between 3 and 8 months of age. (D) Representative ERG responses at 1.6 log cd•s•m -2 , and functional a-wave and b-wave amplitudes, obtained from A/J (red) and B6 (black) mice at 1, 3, and 8 months of age. ERG responses were more attenuated with age in A/J versus B6 mice under both scotopic and photopic conditions (P < 0.001). Scale bars: 20 μm (A and C).
ARD in A/J mice is accompanied by inflammatory cell infiltration and RPE cell pathology. In vivo scanning laser ophthalmoscopy (SLO) imaging of the fundus revealed a notable increase in autofluorescent spots in the outer retinal layers (where the photoreceptors and RPE are located) of 8-versus 1-month-old A/J mice, whereas no such age-related changes were observed in B6 mice (Figure 2A ). Fundus autofluorescence levels did not correlate with amounts of age-related retinoid byproducts, such as N-retinyl-N-retinylidene-ethanolamine (A2E), in the eyes of these mice (Supplemental Figure 1B) . These spots could, however, indicate immune cell activation and infiltration into the subretinal space (11) . In vivo spectral domain-optical coherence tomography (SD-OCT) and plastic block sections indicated possible infiltrative cells in 8-month-old A/J mice, but not B6 mice ( Figure 2B ). As shown in Figure 2C , positive staining with the activated macrophage marker Iba-1 indicated that some of the cells were of inflammatory origin, whereas positive staining of other cells with the activated Müller cell marker glial fibrillary acidic protein (GFAP) indicated the stressed retinal environment of A/J mice, but not B6 mice, at 8 months of age.
Age-dependent changes were further evaluated with high-resolution transmission electron microscopy (TEM) imaging of horizontal cross-sections of the RPE-photoreceptor interface. As early as 3 months of age, when no notable ultrastructural or functional decline was evident (Figure 1 ), A/J mice exhibited pathological changes in the RPE cell layer, as evidenced by swollen cells with abnormal intercellular inclusions resembling inadequately processed photoreceptor discs ( Figure 3A ). TEM imaging of retinal cross-sections showed abnormal processing of ingested photoreceptor discs by the RPE. These abnormalities were characterized by secondary pockets inside phagosomes ( Figure 3 , B and C) and abnormal membrane formation that exposed the contents of the discs to the RPE cell cytoplasm (Figure 3 , D and E). In contrast, RPE cells imaged at 3 months of age in B6 mice revealed a smaller average cell width than A/J RPE cells with no pathological inclusions; furthermore, ingested discs appeared to be properly processed and transported (Figure 3, F-J) . Age-dependent pathology of RPE cells was also assessed by 2-photon microscopy (TPM). There was a change in morphology and an increase in average RPE cell size in A/J mice from 1 to 8 months of age, whereas the size and morphology were well preserved with age in B6 mice ( Figure  3K ). The localization and function of major RPE-specific protein RPE65, which is critical for visual chromophore regeneration (12) , was investigated to assess whether these pathologic changes impair RPE cell function. Immunohistochemical (IHC) staining revealed that RPE65 was homogeneously expressed in the RPE cell layer at 1 month of age, but then became heterogeneous by 8 months of age, in A/J mice ( Figure 3L ). This correlated with functional deterioration, as illustrated by a 75% depressed regeneration ratio of the visual chromophore, 11-cis-retinal, at 8 months of age in A/J mice ( Figure 3M ). This ratio was normal in A/J mice at 1 month of age (Supplemental Figure 1C) . No significant changes in this ratio or RPE65 localization were evident in B6 mice.
BALB/c mice displayed a mild retinal degenerative phenotype compared with B6 mice, but not nearly as pronounced as the phenotype seen in A/J mice. Although SLO imaging revealed an increase in autofluorescent spots at 8 versus 1 month of age in BALB/c mice (Supplemental Figure 4A) , only mild immune cell infiltration was detected (Supplemental Figure 4B) , with no obvious pathological changes of the RPE cells (Supplemental Figure  4C ), which suggests that BALB/c mice possessed important retinal-protective factors that curbed the inflammatory progression of ARD relative to A/J mice. These findings raised the question of what genetic differences among A/J, BALB/c, and B6 mice could initiate the progression of RPE pathologic changes that lead to a chronic inflammatory state in A/J mice. To address this, we used genetic tools such as CSSs and RNA-Seq technology to reveal multigenic contributions that precipitate and perpetuate this disease.
RNA-Seq reveals differential genetic background contributions to the transcriptome. We used 22 CSSs of inbred mice, each carrying a single chromosome substituted from a donor strain (A/J) into a host background strain (B6) ( Figure 4A ), as a more powerful approach than QTL analysis to assess complex genetic traits. Unlike 8-month-old A/J mice, retinoid analysis and histological assessment of the CSS panel mice at 8 months of age revealed no significant phenotypic features of ARD ( Figure 4 , B-E). Moreover, the lack of significant differences in mice with substitution of chromosomes 3 or 7 further demonstrated that neither lighting conditions (13) nor pigmentary status (14) were major factors contributing to disease. Mislocalization of the centromeric portion of chromosome 1 (15) in the CSS panel was investigated, but no genetic variation or candidate genes from that region could account for the retinal phenotype observed. Thus, ARD in A/J mice is likely attributable to contributions from multiple chromosomes, which necessitates a more global genetic approach.
To investigate the putative multigenic etiology of ARD and identify more distant interacting genetic factors that contribute to its pathology, we carried out RNA-Seq of whole-eye tissues from A/J,
Figure 5
RNA-Seq of 3 individual biological replicates of 1-month-old A/J, BALB/c and B6 mouse eyes reveals differential transcriptome profiles. (A) Left: Plot of log FPKM from A/J and B6 runs. The most highly expressed transcripts common to both A/J and B6 eyes were the lens crystallin genes (outlined) and rod photoreceptor genes such as Gnat1, Rho, and Sag. Most genes highly differentially expressed in the A/J eye relate to inflammation (red), whereas genes with the lowest differential expression in the A/J eye encode homeostatic proteins (black). Right: Whereas 12,672 genes had similar expression, 332 were differentially expressed by at least 2-fold (P ≤ 0.05) between A/J and B6 eyes. (B) Examination of all 3 mouse eye transcriptomes revealed those genes exclusively more highly expressed in a single mouse strain compared with the other 2 strains, and those sharing increased expression with respect to the third strain. For example, 235 genes are exclusively more highly expressed in the B6 eye; this strain shares 26 genes also highly expressed in the A/J eye and 56 also higher in the BALB/c eye. Importantly, a large cohort of inflammatory genes exhibits increased expression in A/J mice. Interestingly, although both A/J and BALB/c eyes share increased expression of inflammatory genes, only BALB/c exhibits a counteracting increased expression of retinal homeostatic and immune regulatory genes, either exclusively or shared with B6 eyes.
BALB/c, and B6 mice. Importantly, 1-month-old mice from each genetic background were analyzed before obvious ARD-related phenotypic changes had occurred in order to identify genetic factors that could trigger this pathology. To obtain adequate statistical power, 3 biological replicates of ocular tissues from each strain were prepared for RNA-Seq. Replicate results from each strain had high correlation coefficients when plotted against each other (Supplemental Figure 5) . A value of 1 fragment per kilobase per million reads (FPKM), equivalent to 1 transcript per cell (16) , was used as the expression cutoff. Categorization of expressed transcripts -12,606 in the A/J eye, 12,589 in the BALB/c eye, and 12,832 in the B6 eye -by GoTerm annotation did not reveal any significant differences between mouse strains at 1 month of age (Supplemental Table 1 ).
Performing 3 biological replicate RNA-Seq runs yielded an accurate determination of the differential expression profiles of the 3 different mouse strains. RNA-Seq results have been shown to correlate strongly with RT-PCR findings in the eye and retinal tissues (17, 18) , and this was further demonstrated with a cohort of RT-PCR probes (Supplemental Figure 6, A and B) . The RNASeq data were further validated for visual cycle proteins by immunoblotting (Supplemental Figure 6C ). At least a 2-fold difference (P ≤ 0.05) was used as the cutoff to identify differentially expressed genes between mice with different genetic backgrounds. The RNASeq differential expression profile for A/J and B6 eyes showed that whereas most genes overlapped in expression, there were 332 genes that were differentially expressed between the 2 strains and required further analysis ( Figure 5A ). The single base resolution of RNA-Seq experiments also allowed SNP detection and characterization to complement the differential expression data: known SNPs in both Rpe65 (13) and Tyr (14) in A/J and BALB/c mice, but not B6 mice, are highlighted in Supplemental Figure 7 , A-P. Moreover, the global scale of expression data from RNA-Seq allowed us to reexamine previous QTL studies in search of new insights. For example, in the QTL location on chromosome 10 proposed to account for the difference in cone photoreceptor numbers between A/J and B6 mice (19), we identified a 2-fold differential expression of only 1 gene, Enpp3 (encoding ectonucleotide pyrophosphate/ phosphodiesterase 3). Interestingly, Enpp3 contained a SNP in the protein-coding sequence that leads to an amino acid residue change from Asn to Ser (Supplemental Figure 7, Q-V) . SNP analysis of other differentially expressed genes, however, did not reveal any further molecular basis for the age-related phenotype in A/J mice (Supplemental Table 2 ). This prompted us to perform pathway analyses to define perturbations in cellular pathways across the differing genetic backgrounds in A/J, BALB/c, and B6 mice. 
Pathway analysis highlights inflammatory priming coupled with impaired retinal homeostatic cellular pathways in 1-month-old A/J mice, before retinal pathology is evident.
RNA-Seq of whole eyes from 1-month-old mice of the 3 genetic backgrounds revealed genes that were exclusively expressed at a higher level by at least 2-fold (P ≤ 0.05) in each strain with respect to the other 2 strains, as well genes expressed at a higher level in 2 different strains compared with the third strain. The analysis identified 133, 164, and 235 genes with higher expression by at least 2-fold (P ≤ 0.05) exclusively in A/J, BALB/c, and B6 mice, respectively. We also found shared increased expression of 52 genes between A/J and BALB/c mice, 26 genes between A/J and B6 mice, and 56 genes between BALB/c and B6 mice ( Figure  5B ). Ingenuity pathway analysis of these genes revealed that A/J mice exhibited preferentially higher expression of a large cohort of inflammatory gene products, a subset of which was also shared with BALB/c mice. Genes with preferentially decreased expression in A/J compared with BALB/c and B6 mice included those encoding proteins in cellular pathways involved in maintaining normal retinal homeostasis and protecting against tissue damage. In contrast to A/J mice, BALB/c and B6 mice exhibited overlapping increased expression of a cohort of retinal homeostatic genes as well as exclusive strain-specific increased expression of such genes. Furthermore, there was selective increased expression of key immune-regulatory genes in BALB/c mice that could counteract the effects of inflammatory genes found to be elevated in common with A/J mice. Taken together, these network expression patterns present at 1 month of age in A/J mice indicated that the normalappearing retina was primed for inflammation with an absence of key homeostatic and immune-protective molecules. This environment could preferentially trigger severe ARD in A/J mice.
Inflammatory priming in A/J retina is exacerbated with age. Ingenuity pathway analysis revealed an activated inflammatory priming pathway in young A/J and BALB/c mice centered on IFN signaling. This was evidenced by increased expression of inflammatory gene products such as IFN regulatory factor 7 (Irf7); the target of IFN-induced signaling, Stat1; and Stat1-inducible markers of inflammation, such as guanylate-binding protein 1 (Gbp1). Exhibiting a marked increase in young 1-month-old A/J mice ( Figure  6A ), expression of this entire network was further exacerbated with age, as evidenced by increased expression of Gbp1, Irf7, and Stat1 assessed by RT-PCR in 8-month-old A/J mice. There was minimal age-related elevation of expression detected in B6 mice over the same period ( Figure 6B ). This inflammatory network was also elevated in BALB/c versus B6 mice ( Figure 6C ), albeit at a lower level than in A/J mice. Moreover, BALB/c mice did not exhibit the marked age-related increase in Gbp1, Irf7, and Stat1 expression from 1 to 8 months of age ( Figure 6D ). This difference indicates that the inflammatory-primed network in A/J mice transitions to a chronic state of inflammation with age as a result of other factors, possibly involving RPE cells, which are key regulators of retinal inflammation.
Marginally expressed retinal homeostasis proteins exhibit abnormal RPE localization in A/J mice. Numerous genes with preferentially decreased expression in A/J compared with BALB/c and/or B6 mouse eyes are involved in homeostatic maintenance of the retinal environment. These genes encode diverse groups of proteins, such as those in the glutathione S-transferase (GST), glutathione peroxidase (GPX), heat shock protein (HSP), and metallothionein (MT) families ( Figure 7A ). Expression of genes potentially involved in phagosomal processing, such as Arsi (20) , Atp6v0c (21), and Mcoln3 (22) , and key genes in immune regulation, such as Socs1 (23), were also decreased in A/J mouse eyes ( Figure 7A ). IHC staining revealed that expression levels in mouse retinas correlated strongly with transcript abundance identified by RNA-Seq in mouse eyes. Examination of the cone marker phosphodiesterase-6c (PDE6C) illustrated the increased cone numbers in B6 compared with A/J mice ( Figure 7B ). Because many of the highlighted genes play important roles in RPE processing and response to oxidative stress (24) , the localization of markers like mucolipin 3 (MCOLN3) and GPX3 were examined. Both displayed dim signals in A/J RPE, but much Inadequate protection by the RPE from stress drives the retina from an inflammatory-primed state to a chronic disease state. In a normal homeostatic state (left), there is a delicate balance between stress and the resulting tissue response. Stress caused by POS accumulation in the RPE from daily ingestion of oxidized photoreceptor discs could result in oxidative damage and inflammation unless modulated by a network of enzymes such as GPX. Moreover, activation of inflammatory factors like STAT1 in response to such RPE cell stress is controlled by regulatory factors such as SOCS1 and complement factor H (CFH). In contrast, low or declining levels of protein expression from these complex sets of interconnected gene networks (right) result in inadequate stress protection and inflammatory changes that cause chronic retinal degeneration. Thus, decreased expression of homeostatic genes like Gpx foster increased oxidative stress and can reduce other protective factors like Cfh. This is compounded by decreased expression of immune regulatory factors that can exacerbate inflammation and drive disease progression. Subtle genetic differences therefore can have profound effects on the predisposition to and pathogenesis of ARD. sion changes that identified factors apparently predisposing A/J mice to a severe ARD phenotype, as well as factors in BALB/c and B6 mice that may prevent this pathology. Complementing morphologic assessment of ARD with deep sequencing technology allowed us to identify early signatures of disease in inbred mice with different genetic backgrounds.
RPE cells are critical for the maintenance of the blood/retina barrier and retinal neurons and must possess mechanisms that protect the retina against oxidative stress generated by exposure to light and high oxygen tension. Compared with BALB/c and B6 mice, A/J mice displayed decreased expression of key gene families needed by RPE cells to mitigate such stress. Most notable were those families involved in glutathione-mediated oxidative stress protection. Abundant in the retina, the GPX family encodes a critical group of retinal detoxification enzymes. Only Gpx3 expression from this family was markedly decreased in A/J mice, and GPX3 largely localized to RPE cells. Inadequate activity of antioxidant enzymes like GPX in other organ systems has been implicated in the progression to chronic inflammatory pathology (34) , and polymorphisms of Gpx3 have been implicated in human phenotypes of ARD (35, 36) . This finding extends to other protein families, such as the HSPs, of which both Hspa8 and Hspb1 showed decreased expression in A/J mice. In addition to chaperone-mediated activity (37), HSPs combat oxidative stress by increasing levels of glutathione and modulating the redox status of cells (38) . Decreasing levels of glutathione and associated proteins with age (39, 40) , coupled with constitutively decreased expression of these important homeostatic gene families in young A/J mice compared with BALB/c and B6 mice, could explain the accelerated ARD phenotype found in A/J mice. Pathologic changes seen in A/J RPE, characterized by cell swelling and buildup of undigested disc elements, have also been reported in albino and pigmented rats deprived of selenium (41, 42) , a critical cofactor for activation of antioxidant proteins such as GPX3. Inadequate protection against oxidative stress was also accompanied by accelerated loss of photoreceptors, especially in the central retina of these rats, which suggests that oxidative damage to RPE cells may initiate the detrimental process and that photoreceptor loss is a secondary effect. An inadequate oxidative stress response could thus produce wide-ranging adverse effects in the retina. One detrimental age-related effect -namely, cellular senescence -was evidenced by increased BMP4 expression in A/J mice as young as 1 month of age, and this could lead to secretion of various factors that fuel chronic inflammation (43) .
The RPE is a central site of immune regulation in the retina (44). Moreover, constant stress and cellular senescence can exacerbate immune responses that lead to chronic inflammation, which results in disease progression because of changes in homeostatic set points (45) . Although A/J mice have natural deficiencies of complement (C5a) and NOD (Naip5) genes involved in susceptibility to bacterial/fungal infection, recombinant congenic strains (46, 47) have shown that these genes are controlled by additional factors and have little effect on the inflammatory-priming pathways highlighted in this study. In young A/J mice (and to a lesser degree BALB/c mice, but not B6 mice), RNA-Seq revealed an inflammatory-primed network characterized by increased expression of IFN gene products, such as Stat1 and its downstream effectors (23) . The inflammatory-primed state identified in A/J mice may not be limited to the retina, as it also likely contributes to the enhanced A/J inflammatory response in experimental allergic asthma (48) . stronger signals in B6 RPE (Figure 7, C and D) . The MCOLN3 staining distribution also suggested that this protein extends to RPE cell processes that interact with the photoreceptor layer. IHC staining of myosin VIIa (MYO7A), a well-known component of the photoreceptor cilium involved in RPE-mediated protein movement and photoreceptor phagocytosis (25, 26) , provided only weak signals in the A/J inner segment and RPE cell layer, whereas staining was more pronounced in both these layers of the B6 retina ( Figure 7E ). Attenuated expression of MYO7A can contribute to mislocalization of key photoreceptor and RPE proteins, such as rhodopsin (RHO) and RPE65. This was evidenced by a RHO signal in the inner segments of A/J retinas that was absent in B6 retinas ( Figure 7F ) and the heterogeneous RPE65 signal in RPE cells of A/J mice, but not B6 mice, at 8 months of age ( Figure 3L ). Moreover, staining retinas for ROS with the marker dihydroethidium revealed an enhanced signal in 8-month-old A/J retinas before light exposure that became even more pronounced after this procedure. Only a background signal was apparent in BALB/c and B6 retinas (Supplemental Figure 8) . Furthermore, staining for bone morphogenic protein 4 (BMP4), a marker for oxidative stressinduced RPE senescence (27) , produced a more enhanced signal in A/J RPE and inner segments of cone photoreceptors than in B6 retina at 1 month of age ( Figure 7G ).
Discussion
Phenotypic variability based on genetic background differences observed in mice (28, 29) can provide models for complex human conditions and explain the variable susceptibility to certain conditions among different individuals with the same allelic variant of disease. With no reliable markers to date for ARD before it becomes clinically evident, genetic studies have involved only affected individuals, making it difficult to identify factors that trigger this condition. Compared with BALB/c and B6 mice, A/J mice in this study displayed accelerated retinal degeneration stemming from differences in their natural genetic background. Declining visual function with age, associated with worsening RPE and photoreceptor cell pathology, was documented in these mice. Given that the retina is fully developed after 1 month in mice, we used a comprehensive set of approaches to identify genetic factors in 1-month-old mice that led to severe ARD at 8 months in A/J mice, but not BALB/c or B6 mice.
Identifying global gene variations associated with complex diseases of multigenic origin can be difficult. The present studies highlighted that CSS panels, although capable of revealing some complex disease associations (15, 30) , lacked the breadth to identify distant interacting genetic factors characteristic of a complex disease like ARD. RNA-Seq allows for more complete documentation of genetic changes relevant to complex disease etiology (31) . This is especially true for age-related neurodegenerative conditions, as illustrated by the recent discovery of 2 novel genetic loci associated with Alzheimer disease by high-throughput sequencing methodology (32) . The challenge of RNA-Seq technology lies in the large-scale translation of genetic variations into knowledge about the molecular pathogenesis of complex diseases. By studying cellular pathways encoded by these genes as integrated systems, we can begin to understand their derived phenotypes (33) and identify genes that critically contribute to complex disease traits. In this study, RNA-Seq of young mouse eye tissue across different genetic backgrounds was performed before substantial pathology was present. This analysis revealed global gene expres-
In conclusion, we used 3 inbred background strains of mice with differing susceptibilities to ARD and used RNA-Seq to identify genes encoding components of cellular pathways that contribute to this blinding condition at a young age, before phenotypic changes are apparent. We identified relatively high expression of proinflammatory factors coupled with low expression of homeostatic protective factors, such as those involved in oxidative stress response, and localized them to the A/J mouse retina, most notably to the RPE. This combination made A/J mice especially vulnerable to rapidly progressive ARD compared with BALB/c and B6 mice. A/J mice reared in the dark still developed ARD, which indicates that the pathogenic mechanisms described here differ from those involving excessive accumulation of the all-trans-retinal chromophore (64) . These results, in conjunction with imaging techniques that demonstrated elevated level of ROS and changes in phagocytotic processing in the RPE, allow a more comprehensive understanding of a complex neuronal degeneration. With advances in phenotypic and genotypic characterization technology, the methodologies outlined herein represent a powerful paradigm to unveil cellular changes that trigger and drive progression of complex neurodegenerative diseases extending beyond the eye.
Methods
Materials. See Supplemental Methods for details and sources of antibodies and probe sets.
Animals. A/J, BALB/c, and B6 inbred mice and A/J CSS mice were obtained from The Jackson Laboratory. Long-Evans rats were purchased from Harlan Laboratories. Nile rats were obtained from the laboratory of L. Smale (Michigan State University, Lansing, Michigan, USA). Mice and rats were housed in the animal facility at the School of Medicine, Case Western Reserve University (CWRU), where they were maintained on a standard chow diet in a 12-hour light (∼10 lux), 12-hour dark cycle.
Histology and IHC. Histological and IHC procedures were carried out as previously described (65) . IHC sections were viewed with a Zeiss LSM 510 inverted Laser Scan Confocal Microscope.
ERGs. All ERG procedures were performed according to previously published methods (65) .
Retinoid and A2E analyses. All experimental procedures related to extraction, derivatization, and separation of retinoids from dissected mouse eyes were carried out as described previously (65) . Quantification of A2E by HPLC was achieved by comparison with known concentrations of pure synthetic A2E standards (66) .
Ultra-high-resolution SD-OCT and SLO imaging. Both ultra-high-resolution SD-OCT (Bioptigen) and SLO (HRAII; Heidelberg Engineering) were used for in vivo imaging of mouse retinas as previously described (11) .
Library preparation and Illumina RNA-Seq runs. Mouse eye tissue libraries were prepared as previously described (18) . Pooled total RNA samples from 5 eyes were used for each whole-eye library preparation. 3 separate biological replicate libraries were made from mice with A/J, BALB/c, or B6 backgrounds. Each murine eye library was run on 1 lane of the Genome Analyzer IIx in the CWRU Genomics Core Facility using 54-, 76-, or 79-bp single-end sequencing. The number of mapped single reads was 19.9 × 10 6 , 22.5 × 10 6 , and 21.7 × 10 6 from the 3 different A/J eye libraries; 41.2 × 10 6 , 38.9 × 10 6 , and 27.4 × 10 6 from the 3 different BALB/c eye libraries; and 16.8 × 10 6 , 17.7 × 10 6 , and 38.2 × 10 6 from the 3 different B6 eye libraries. Data were processed and aligned with the University of California, Santa Cruz, mouse genome assembly and transcript annotation (mm 9 ) and processed as previously described to calculate FPKM statistics by gene, transcript, and exon (18) . The output for CASAVA was visualMoreover, the graded retinal inflammatory changes we saw from A/J to BALB/c to B6 mice are consistent with studies of allergic airway inflammation in the lungs of these strains (49) . These prior studies indicate that A/J mice are most susceptible to inflammation in tissues of high oxygen tension (retina and lungs), further implicating an inadequate oxidative stress response as a driving force of late stages of inflammatory disease progression. In the present study, the inflammatory-primed state of the retina in A/J mice was compounded by markedly lower levels of immune-regulatory enzymes. Compared with BALB/c mice, A/J mice exhibited decreased expression of genes such as Tyro3 and its downstream effector Socs1, which serve to control this inflammatory response (50) . Moreover, inadequate function of enzymes like GPX3 would lead to increased oxidative stress and hydrogen peroxide production, which reduce the expression and function of complement factor H (51), a key complement-regulatory enzyme implicated in disease pathogenesis (52) . Thus, the inflammatory-primed state of the retina in young A/J mice reflects a parainflammatory state (53) that, accentuated by increased oxidative stress, transitions to chronic inflammation and cellular dysfunction with increasing age (Figure 8 ), just as observed in diseased patients (54) . Priming of RPE cells can translate to secondary effects on critical cellular processes such as phagocytosis and digestion of POS, which are increasingly affected in A/J mice with age. Another secondary effect is the production of anti-retinal antibodies to α-crystallin, GFAP, and α-enolase found in sera of ARD patients (55) . Preferential activation of Stat1 has been detected in several autoimmune/ inflammatory conditions (23) , and this increased significantly and exclusively in A/J mice with age. We also noted increased GFAP expression with age, and α-enolase was elevated at the transcript level in A/J mice as early as 1 month of age. RPE/retina barrier function is most detrimentally affected when both oxidative stress and immune activation are induced (56) , which suggests that these additive effects of aging in A/J mice could potentially lead to autoimmune responses. Ocular immune privilege is normally responsible for the impaired tolerance to retinal antigens (57) , but exposure to such antigens upon age-related barrier compromise could further contribute to disease progression.
Our preliminary RNA-Seq analysis of whole eye tissues from both nocturnal (Long-Evans rat) and diurnal (Nile rat) rodent species at a young age revealed gene signatures most closely related to B6 mice and clearly distinct from A/J mice (Supplemental Table 3 ). This observation emphasizes that our present findings may extend beyond model mouse species and provide an additional frameworks for understanding etiologic factors contributing to complex age-associated diseases in higher organisms. This is especially relevant to human blinding conditions associated with aging, such as age-related macular degeneration (AMD), the leading cause of blindness in the industrial world and now considered one of the major blinding diseases worldwide (58) . The complex etiology of AMD is reflected by the relative paucity of effective compounds for its early prevention and treatment, with the main risk factor being increasing age. Complex trait analysis of genome-wide association studies -having identified the vast majority of variations in noncoding regions (59) and the recent identification of large intervening noncoding RNAs implicated in controlling a diverse set of biological processes (60, 61) , including differentiation of the murine retina (62), a discovery accelerated by application of nextgeneration sequencing technology (63) -could serve as the next frontier to facilitate understanding of complex disease phenotypes.
